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ABSTRACT  Kringle 4, an 88-residue plasminogen fragment
carrying a lysine-binding site, loses its affinity for lysine-Sepha-
rose upon reductive cleavage of its disulfide bridges. Aerobic in-
cubation of the reduced, denatured fragment results in the rapid
restoration of the disulfide bonds with concomitant recovery of
lysine-Sepharose affinity. The ability of the unfolded fragment to
regain its native conformation suggests that the kringle structure
is an autonomous folding domain. During refolding of kringle 4 the
native disulfide bonds, Cys22 Cys%2 and Cys® Cys’4, appear first.
The folding intermediate possessing these two disulfide bridges
already binds to lysine-Sepharose, indicating that the third native
bridge, which in native kringle 4 connects residues Cys' and Cys™,
is not essential for the maintenance of the biologically active con-
formation of kringle 4. Comparison of the sequences of human
prothrombin, urokinase, and plasminogen kringles revealed that
the residues surrounding the Cys?? Cys® and Cys®® Cys™ bridges
constitute the most conservative segments of kringles, whereas the
residues neighboring the Cys! Cys’® bridge are not highly con-
served. We propose that conservation of various residues in the
different kringles reflects their importance for the folding auton-
omy of kringles.

Plasminogen, prothrombin, and urokinase, unlike the proen-
zymes of pancreatic serine proteases, possess large protein ex-
tensions at the amino-terminal end of the homologous protease
part (1-4). These nonprotease segments are important for the
biological specificity and control of plasmin, thrombin, and uro-
kinase because they are involved in interactions that regulate
plasminogen activation and plasmin-catalyzed fibrinolysis (5) or
control the prothrombin-thrombin conversion (6). Thus, the
nonprotease regions participate in the Ca®>*-mediated binding
of prothrombin to phospholipid membranes, in the association
of prothrombin with factor Va (7, 8), and in the interactions of
plasmin(ogen) with fibrin, a,-antiplasmin, and w-aminocarbox-
ylic acids (9-11).

The multiplicity of binding functions associated with the
nonprotease segments of prothrombin, plasminogen, and uro-
kinase is reflected in the structure of these proteins inasmuch
as these regions are divided into discrete structural-functional
units. In the case of plasminogen five triple-loop, three-disul-
fide-bridge “kringles” are discernible in the nonprotease seg-
ment (1). The five structural units display identical gross ar-
chitecture and remarkable sequence homology, making the
conclusion inescapable that these units arose as a result of 5-fold
internal repetition of the same gene piece (12, 13). The amino-
terminal part of prothrombin also contains two kringles, closely
homologous to those of plasminogen (2, 3); the kringles of plas-
minogen and prothrombin are in fact more closely related than
their protease parts (12). Urokinase was also shown recently to
possess a kringle structure that shows extensive homology with
the prothrombin and plasminogen kringles (4).
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The kringles are independent structural domains. By limited
proteolysis, a technique suitable to detect structural domains
of proteins, it was shown that both prothrombin and plasmin-
ogen may be dissected at the boundaries separating kringles,
while leaving the kringles intact (1, 2). Circular dichroism stud-
ies on prothrombin and its proteolytic fragments showed that
little alteration occurs in the structure of kringles after isolation
of the fragments, suggesting that in prothrombin the kringles
exist as distinct, noninteracting structural domains (14). Dif-
ferential scanning calorimetry of plasminogen, prothrombin,
and their proteolytic fragments revealed that the AH value of
the thermal transition of intact prothrombin or plasminogen is
the sum of the AH value of the thermal transitions of the in-
dividual fragments, indicating that the kringles exist as inde-
pendent domains (15, 16).

The kringles also are independent functional domains. Thus,
isolated kringle 1 and kringle 4 fragments of plasminogen retain
their capacity to bind w-aminocarboxylic acids (1, 17), isolated
kringle 5 binds to benzamidine-Sepharose (18), and fragment
2 of prothrombin, corresponding to one of the prothrombin
kringles, carries an intact binding site for factor Va (8, 19).

The structural and functional independence of kringles sug-
gested to us that these small triple-loop “miniproteins” also may
be autonomous with respect to folding. In the present inves-
tigation we have found that the reduced, denatured kringle 4
fragment of human plasminogen regains its native, biologically
active conformation when exposed to nondenaturing condi-
tions. Our results suggest that the high degree of conservation
of large segments of kringles is due to the importance of the
conserved sequences for the folding autonomy of kringles.

METHODS

Kringle 4 was prepared by limited proteolysis of human plas-
minogen as described (11). The concentration of kringle 4 was
determined by using an &5g0 of 3.1 X 10* M~*cm™ (20) and a
molecular weight of 10,000 (1).

The biological activity of kringle 4 was assessed by its binding
to lysine-Sepharose 4B (11, 20). Affinity of kringle 4 for lysine-
Sepharose was assayed at 25°C by column chromatography; the
size of the column was selected such that the sample exhausted
about 20% of the column capacity. The lysine-Sepharose 4B
column was equilibrated with 0.1 M ammonium bicarbonate
buffer (pH 8.0), and the sample to be assayed was applied in
the same buffer. After loading the sample onto the column, it
was washed with 3 bed vol of buffer to remove any kringle 4
that lost affinity for lysine-Sepharose, and then kringle 4 that
was bound to the column was eluted with buffer containing 10
mM &-aminocaproic acid. The amount of kringle 4 present in
the bound and nonbound fractions was determined spectro-
photometrically.

Unfolding of kringle 4 (0.5 mM) was performed by incubat-
ing the protein in 0.1 M TrissHCl/5 mM EDTA/6 M guani-
dinium chloride, pH 8.0, at 25°C for 60 min. Reduction of the
disulfide bonds was achieved by incubating kringle 4 (0.5 mM)
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in 0.1 M TrissHCl/5 mM EDTA/6 M guanidinium chloride,
pH 8.0, buffer containing 5% (vol/vol) 2-mercaptoethanol or
100 mM dithiothreitol at 25°C for 30-120 min. To determine
reduction of disulfide bonds, aliquots of the reaction mixture
containing the reduced, denatured protein were alkylated with
iodoacetate, used in 5-fold molar excess over thiol groups. Salts
and reagents were removed by gel filtration on Sephadex G-25
columns equilibrated with 0.1 M ammonium bicarbonate and
the alkylated protein was lyophilized. After acid hydrolysis the
S-carboxymethylcysteine content of the protein was deter-
mined by amino acid analysis.

Refolding of reduced, denatured kringle 4 was initiated by
removal of the reducing and denaturing agents. The reaction
mixture containing reduced denatured kringle 4 was gel-fil-
tered at 25°C on Sephadex G-25 columns equilibrated with re-
folding buffer (0.1 M ammonium bicarbonate buffer at pH 8.0,
unless otherwise indicated). During aerobic refolding the re-
folding mixture (0.05 mM for kringle 4) was allowed to stand at
25°C and at intervals aliquots (containing 2 mg of kringle 4) were
withdrawn to follow the recovery of the biological activity of
kringle 4 by determining the fraction of molecules that re-
gained affinity for lysine-Sepharose 4B. Aliquots (containing 2
mg of kringle 4) also were taken for alkylation with iodoacetate
(final concentration, 50 mM) to trap folding intermediates. The
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Fic. 1. (A)Recovery of lysine-Sepharose affinity of reduced, dena-
tured kringle 4 during aerobic incubation in 0.1 M ammonium bicar-
bonate (pH 8.0) at 25°C in the absence (x) and presence (@) of 10 mM
e-aminocaproic acid. (B) Disappearance of free sulfhydryl groups of re-
duced denatured kringle 4 during aerobic incubation in 0.1 M ammo-
nium bicarbonate (pH 8.0) at 25°C in the absence (x) and presence (®)
of 10 mM e-aminocaproic acid. During the course of refolding aliquots
were alkylated with iodoacetate to block free sulfhydryl groups and the
S-carboxymethylcysteine content of the samples was determined by
amino acid analysis.
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alkylated protein was gel-filtered on a Sephadex G-25 column
equilibrated with 0.1 M ammonium bicarbonate and was ly-
ophilized. The S-carboxymethylcysteine and half-cystine con-
tent of the samples was determined by amino acid analysis. Por-
tions of the S-carboxymethylated samples were subjected to
isoelectric focusing to follow the progress of refolding by sep-
aration of the folding intermediates.

Refolding also was performed in the presence of mixtures of
oxidized and reduced glutathione (21).

Analytical isoelectric focusing on polyacrylamide slab gels was
used to separate the alkylated folding intermediates of kringle
4. The gel (1.2 mm thick) contained 8% acrylamide, 0.2% N,N'-
methylenebisacrylamide, 12% (wt/vol) sucrose, 5% (vol/vol)
Ampholine, pH 3.5-10 (LKB), and 0.15% ammonium persul-
fate. Lyophilized, salt-free samples of kringle 4 were dissolved
in deionized water at a concentration of 0.6 mM and 5-ul ali-
quots were applied to the slab gel. The electrode strips were
soaked in 1 M NaOH (cathode) and 1 M phosphoric acid (anode)
and electrophoresis was run at 10 W at 4°C for 240 min. The
gels were immersed in 20% trichloroacetic acid overnight, stained
for 3 hr with 0.1% Coomassie blue in 20% trichloroacetic acid,
and destained by washing with 10% acetic acid.

In the case of experiments aimed at determining the struc-
ture of the two-disulfide-bridge folding intermediate, refolding
and alkylation were performed as in the analytical studies, ex-
cept that 30-50 mg of kringle 4 was used to prepare the S-car-
boxymethylated folding intermediate. Hydrolysis of the re-
duced, carboxymethylated folding intermediate with trypsin was
performed at 37°C for 24 hr in 0.1 M ammonium bicarbonate
buffer (pH 8.0). The reaction mixture contained the folding in-
termediate (10 mg/ml) and trypsin at an enzyme-to-substrate
ratio (wt/wt) of 1:50. Tryptic peptides of kringle 4 were pu-
rified by high-voltage paper electrophoresis at pH 1.9 or pH 6.5
by using Whatman 3 MM papers as described (11).

Peptides and proteins were hydrolyzed in 6 M HCl at 110°C
for 24 hr and the composition of the acid hydrolysates was de-
termined by amino acid analysis on a Biotronik LC 2000 ana-
lyzer.

RESULTS

Autonomous Refolding of Reduced, Denatured Kringle 4.
Exposure of kringle 4 to denaturing conditions, by incubation
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FiG. 2. Recovery of lysine-Sepharose affinity of reduced, dena-
tured kringle 4 at 25°C in 0.1 M ammonium bicarbonate (pH 8.0) con-
taining 0.1 mM oxidized and 1 mM reduced glutathione. Refolding was
performed in the absence (x) and presence (®) of 10 mM e-aminocaproic
acid.
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in 0.1 M TrissHCl/5 mM EDTA/6 M guanidinium chloride,
pH 8.0, did not abolish the affinity of the fragment for lysine-
Sepharose; the fragment was found to bind normally to lysine-
Sepharose after removal of the denaturing agent. However, if
the disulfide bridges of kringle 4 were cleaved with reducing
agents during denaturation, the reduced, denatured kringle 4
fragment was not bound to the lysine-Sepharose column when
assayed immediately after removal of reducing and denaturing
agents.

On prolonged incubation of reduced, denatured kringle 4
under aerobic conditions, the lysine-Sepharose affinity was re-
covered progressively with a half-time of 3 hr, concomitant with
the disappearance of the free sulthydryl groups (Fig. 1). When
refolding was performed in the presence of a mixture of oxi-
dized and reduced glutathione (0.1 and 1.0 mM, respectively)
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Fic. 4. Isoelectric focusing analysis of alkylated folding interme-
diates separated by lysine-Sepharose 4B affinity chromatography and
ion-exchange chromatography. (A) Starting sample; (B) proteins not
bound to lysine-Sepharose; (C) proteins bound to lysine-Sepharose. The
proteins bound to lysine-Sepharose were chromatographed on QAE-
Sephadex, as shown in Fig. 5, and kringle 4 was recovered in fractions
not adsorbed to the ion-exchange resin (D). (E) The two-disulfide-bridge
intermediate was eluted from the QAE-Sephadex column with 0.3 M
ammonium bicarbonate.
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Fic. 3. Pattern of folding in-
termediates at various times dur-
ing refolding of kringle 4. Refold-
ing was performed in the absence
(A) and presence (B) of 10 mM e-
aminocaproic acid as described in

15 60 120 240 300 the legend to Fig. 1 and the S-car-

B boxymethylated folding interme-
diates were resolved by isoelectric
focusing.

the lysine-Sepharose affinity was regained with a half-time of
40 min (Fig. 2).

Recovery of lysine-Sepharose affinity and disappearance of
free sulfhydryl groups of reduced denatured kringle 4 were both
accelerated if the aerobic refolding buffer contained e-amino-
caproic acid (Fig. 1); the half-time of regain of biological activity
was decreased from 180 to 90 min. The folding pathway was not
altered significantly by the presence of e-aminocaproic acid in-
asmuch as the same intermediates were discernible as those ob-
served when refolding was carried out in the absence of e-ami-
nocaproic acid (Fig. 3). (Note that reduced, alkylated kringle 4
has about three isoelectric-point variants. Another feature wor-
thy of mention is that reduced, alkylated kringle 4 and single-
disulfide-bridge intermediates are stained more intensely than
the two-disulfide-bridge intermediate and native kringle 4.)

The influence of ligand on the rate of refolding also was ev-
ident when refolding was performed in the presence of oxidized
and reduced glutathione (Fig. 2) with the half-time of regain of
biological activity being decreased from 40 to 20 min.

Structure of the Two-Disulfide-Bridge Folding Interme-
diate. Isoelectric focusing of refolding mixtures of kringle 4 re-

0.5 T T T

04}

0.3

Asso

0.2+

01+

50 100 150

Elution volume, ml

Fic. 5. Separation of kringle 4 and two-disulfide-bridge folding in-
termediate by ion-exchange chromatography. Chromatography was
performed on a QAE-Sephadex A 50 (1.5 X 12 cm) column equilibrated
with 0.1 M ammonium bicarbonate and kringle 4 was eluted with the
same buffer (see Fig. 4D). The two-disulfide-bridge intermediate was
eluted with 0.3 M ammonium bicarbonate (see Fig. 4E). The arrow marks
the start of elution with 0.3 M ammonium bicarbonate.
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Table 1. Amino acid composition and electrophoretic mobility of the peptides isolated from the tryptic digest of the two-disulfide-

bridge intermediate
Peptide
T-1 T-2 T-4 T-9 T-9a T-3 + T-6b T-3a + T-6 + 7 T-5 + T-8
Amino acid -3-10 11-20 33-35 79-84 79-86 22-32 + 52-63 22-25 + 52-70 36-51 + 71-77

Lysine 1.01) 10Q1) 1.0 (1) 10D 1.2(1)
Histidine 1.0(1) 1.0 (1) 1.0 (1)
Arginine 1.0(1) 1.1(Q1) 1.0 1.0(1)
Tryptophan ND (2) ND (1) ND (1)
S-Carboxymethylcysteine 1.0(1) 0.8 (1) 1.0(1)
Aspartic acid 2.3(2) 3.1(3) 42 (4) 43(4)
Threonine 4.7(5) 0.9 (1) 1.0 (1) 1.2(1) 1.8(2) 2.3(2)
Serine 111 19(@© 0.9 (D 2.0 (2) 3.0(3) 2.2(2)
Glutamic acid 2.4(2) 1.1(Q1) 1.2Q1) 1.3(1) 131 12(1) 2.0(2)
Proline 2.7(3) 3.0(3) 2.1(2)
Glycine 24 (2) 2.2(2) 1.0(1) 1.1(1) 1.3(1) 1.3() 14(1)
Alanine 1.2(1) 1.1(1) 1.0 (1) 1.1(1) 1.3()
Valine 1.01) 1.0(1) 0.9(1)
Methionine 0.6 (1) 0.7 (1)
Leucine 2.0 (2)
Tyrosine 2.2(2) 2.8 (3)
Phenylalanine 0.8(1) 1.0(1)
Half-cystine +(2) +(2) +(2)
Mobility in

pH19 0.73 0.76 1.56 0.44 0.40 0.81 0.70 0.64

pH6.5 -0.11 0.42 0.77 —0.63 -0.52 0.2 0.12 0.08

Peptides are numbered consecutively from the amino-terminal end of kringle 4 (11). Numbering of amino acid residues (shown below each peptide)
starts at the first half-cystine residue of kringle 4 to facilitate comparison of the five closely homologous kringles (1); therefore, the numbers are
not identical with the numbering of amino acid residues of plasminogen. Electrophoretic mobilities are expressed relative to alanine and arginine
in pH 1.9 and pH 6.5 electrophoresis, respectively. Numbers in parentheses are residue values based on sequence (1). ND, not determined. +, Trace.

vealed that there is only a single band corresponding to two-
disulfide-bridge intermediate and a single band having three
disulfide bonds (Fig. 3). To identify which of the six cysteines
are present in the two-disulfide-bridge intermediate as free
cysteines, kringle 4 (30 mg) was refolded for 120 min in the
presence of e-aminocaproic acid (10 mM) and was alkylated with
iodoacetate to block the free sulfhydryl groups (see Methods).
The refolding mixture, containing fully reduced kringle 4 and
proteins with one, two, and three disulfide bonds (Fig. 4A), was
applied on a lysine-Sepharose 4B column. The fully reduced
and one-disulfide-bond forms of kringle 4 were not bound to
the affinity column (Fig, 4B), whereas both the two-disulfide-

bridge intermediate and the three-disulfide-bond protein (i.e.,
refolded kringle 4) were recovered in the fraction bound to ly-
sine-Sepharose (Fig, 4C). Kringle 4 and the two-disulfide-bond
intermediate were separated by chromatography on a QAE-
Sephadex A 50 column (12 X 1.5 cm) equilibrated with 0.1 M
ammonium bicarbonate (Fig. 5). Kringle 4 was recovered in the
fraction not retained by the ion-exchange resin (Fig. 4D) and
the two disulfide-bond intermediate was eluted from the col-
umn with 0.3 M ammonium bicarbonate (Fig. 4E).

The two-disulfide-bridge intermediate (Fig. 4E) was di-
gested with trypsin and the tryptic peptides were isolated by
high-voltage paper electrophoresis. Analysis of the peptides

Fic. 6. Comparison of the se-
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showed that the intermediate has two native bridges, Cys® Cys™
and Cys? Cys®, and residues Cys' and Cys™ are present as S-
carboxymethylcysteines (Table 1), indicating that formation of
the Cys' Cys™ bond is the last step of kringle 4 refolding. The
ability of the two-disulfide-bridge intermediate to bind to ly-
sine-Sepharose indicates that formation of the Cys' Cys™ di-

sulfide bridge is not essential for biological activity.

DISCUSSION

The Kringle Structure Is an Autonomous Folding Domain.
In the last decade refolding studies on protein fragments have
established that the distinct structural domains of multidomain
proteins fold independently. Thus, isolated domains of im-
munoglobulins, plasma albumin, and ovomucoid were found to
refold to native conformation after denaturation and reductive
cleavage of their disulfide bridges (for recent reviews, see refs.
22 and 23). In the present work we have shown that the kringle
4 fragment of human plasminogen also is capable of assuming
the native, biologically active conformation after denaturation
and reduction of its disulfide bonds, indicating that the frag-
ment carries an intact folding unit of plasminogen. This ob-
servation adds further evidence in support of the idea that fold-
ing of large proteins occurs in subassemblies.

Refolding of kringle 4 is a remarkably well-directed process,
as shown by our observation that of the possible 45 two-disul-
fide-bridge intermediates, only a single, biologically active vari-
ant appears, and of the 15 possible three-disulfide-bridge vari-
ants, only native kringle 4 is formed. Thus, folding of kringle
4 fragment appears to be better guided than is the folding of
bovine pancreatic trypsin inhibitor. In the case of this small
protein, which also contains three disulfide bonds, four differ-
ent two-disulfide-bridge intermediates are significant and a three-
disulfide-bridge variant with mismatched disulfide bends also
is formed (24).

Because the kringle 4 fragment contains only 10 residues more-
than the 79-residue segment common in all prothrombin, uro-
kinase, and plasminogen kringles, it seems safe to suggest that
it is the kringle structure that carries all of the information nec-
essary for the autonomous folding of kringle 4. In view of these
findings we suggest that the high degree of conservation of
kringles reflects at least in part the importance of the conserved
residues for the autonomous acquisition of the kringle struc-
ture, rather than for a very important, but as yet undetermined,
function for the kringle regions, as has been suggested recently
(12).

Residues Essential for the Autonomous Folding of Kringles.
The different kringles of prothrombin, plasminogen, and uro-
kinase, though retaining the same triple-loop architecture, di-
verged to bind different proteins or low molecular weight com-
pounds. Therefore, if the amino acid sequences of kringles
possessing different binding functions are compared, the res-
idues involved directly in the diverse binding functions may
show great variability, whereas the residues essential for the
autonomous folding of kringles should be found: to be un-
changed in all or most of the kringles.

Comparison of the sequences of human plasminogen, uro-
kinase, and prothrombin kringles (i.e., sequences of kringles
with different binding specificities) is shown in Fig. 6. In this
histogram, the ordinate indicates the maximal number of se-
quences in which the same (or chemically similar) amino acid
is present at the given position. As eight sequences (sequences
of the five plasminogen kringles, two prothrombin kringles, and
a urokinase kringle) are compared a value of 8 indicates con-
servation of that residue in all kringles; conversely, a value of
1 indicates that all eight sequences contain a different amino
acid at that sequence position.
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As shown in Fig 6, the conserved residues are clustered around
Cys®, Cys®2, and Cys™, with the longest run of conserved res-
idues being found around Cys™. It seems likely that the high
degree of conservation of these residues reflects the central role
of these regions in kringle folding, a suggestion supported by
our observation that the native Gys™ Cys*® and Gys® Cys™
bridges are the first to form during refolding. Similarly, the vari-
ability of the residues neighboring the Cys' and Cys™ residues
harmonizes with our observation that the stl Cys™ disulfide
bridge is the last to form and is not essential for the maintenance
of the biologically active conformation of kringle 4.

We suggest that the kringle architecture conserved in all pro-
thrombin, urokinase, and plasminogen kringles serves as a scaf-
fold and the different binding sites are accommodated mainly
in peptide regions not reserved for the residues that determine
folding. Such regions may be present in regions notable for their
variability (Fig. 6). Our previous work has indeed shown that
the residues essential for the binding of w-aminocarboxylic acids
by kringle 4 are located in these nonconservative parts of the
inner loop, the carboxylate group of Asp® and the guanidinium
group of Arg™ being involved in binding the ammonium- and
carboxylate-functions of w-aminocarboxylic acids (11).
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